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Abstract. ZnO films have been deposited on SiO2/Si substrates by rf
magnetron sputtering. The rms roughness of the sample’s surface was
surveyed by using an atomic force microscope, and is less than 10 nm.
The theoretical reflectance of the air/film/middle layer/substrate structure
has been deduced. In the light of this theoretical reflectance, the com-
plex refractive index ñ=n+ ik of the sample below the interband
absorption edge has been fitted with a Lorentz oscillator model. The
absorption coefficient  of the sample is reported, and the result
shows the sample has weak absorption around 490 nm. © 2006 Society of
Photo-Optical Instrumentation Engineers. DOI: 10.1117/1.2402102
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Zinc oxide film has drawn much interest as a potential
transparent conducting oxide TCO for applications in so-
lar cells and optoelectronic devices, due to its advantages of
nontoxicity, low cost, and abundance as a raw material.1–3
In view of these applications, there is a need for accurate
data on the optical properties of ZnO films over a wide
wavelength range. Although the optical constants of bulk
ZnO crystal have been measured by Yoshikawa and Adachi
using spectroscopic ellipsometry,4 this powerful technique
displays extreme surface sensitivity that limits its applica-
tion to ZnO films, since their optical properties are depen-
dent on deposition conditions and preparation methods. The
other most commonly used techniques to determine the op-
tical constants involve measuring the normal-incidence
transmission coefficient T and/or the near-normal-incidence
reflection coefficient R. However, only the reflectivity can
be measured for a film deposited on an opaque substrate.
Reference 5 gives a critical review of the advantages and
disadvantages of these and other important methods.
But those methods cannot be used directly to study the
optical properties of ZnO films, for the following reasons:
1. As the TCO for applications in solar cells or opto-
electronic devices, usually, ZnO film is deposited on
an opaque substrate, so that transmission measure-
ments methods cannot be used.6
2. When using reflectance data only, one can only deal
with an air/film/substrate structure,7,8 whereas in
practice ZnO films are often used on air/ZnO film/
middle-layer/substrate multilayer structures. More
complex formulas and different boundary condi-
tions must be used to describe such a structure’s
reflectance.0091-3286/2006/$22.00 © 2006 SPIE
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physical interpretation.9,10
In the present paper sputtered ZnO films with smooth
urfaces, which have only a tiny absorption in the visible
egion, are surveyed. A theoretical expression for the reflec-
ance of an air/film/middle-layer/substrate structure as a
unction of wavelength is deduced. The optical dispersion
elow the interband absorption edge has been fitted with a
orentz oscillator model based on the theoretical reflec-
ance. The complex refractive index ñ=n+ ik of
he ZnO film is estimated from the spectrum of near-normal
eflection in the light of the preceding models. We demon-
trate that fitting of the reflection spectra below the near-
and-edge absorption region becomes possible, allowing
he determination of the film thickness, complex refractive
ndex ñ=n+ ik, and absorption coefficient 
or films deposited under appropriate conditions.
Experimental Procedure
silicon substrate was cleaned by the standard cleaning
rocess, and a SiO2 layer was prepared by the thermal oxi-
ative technique. The substrate was then segmented into
our small samples with size 2.02.5 cm. This procedure
as adopted to minimize the effect of the SiO2 layer on the
eflection spectrum measurement, and the SiO2 thickness
an be used as a parameter to evaluate the fitting results, for
he fitted SiO2 thickness should have the same value. Then
nO films were deposited on these SiO2/Si100 substrates
y rf magnetron sputtering using a ZnO target 99.99% in
gas mixture of Ar 99.99% and O2 99.99% with differ-
nt Ar:O2 ratios: 0, 1:4, 2:3, and 4:5. These samples are
abeled R1, R2, R3, and R4, respectively. During film depo-
ition, the rf power was 75 W, and the total pressure was
aintained at 1 Pa. The substrate temperature was kept at
00 °C. The sputtering time was 60 min.
The reflection spectra of the samples were measured
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Downloadwith a Varian Cary-300 spectrophotometer within the range
from 350 to 800 nm at room temperature in air. The
samples’ thickness was measured with a Sloan Dektak3
surface profilometer, and it was noted that each sample was
of uniform thickness. Sample surface morphologies were
investigated with an AJ-III atomic force microscope
AFM.
3 Theoretical Model
In this section we firstly deduce the theoretical reflectance
of the air/film/middle-layer/substrate structure. Let the lay-
ers be labeled with the numbers 0, 1, 2, and 3, respectively,
and the light be incident normally from the air side. The





M = S3K2S2K1S1, 2




ñi + ñi−1 ñi − ñi−1
ñi − ñi−1 ñi + ñi−1
 , 4
where ñi is the complex refractive index of layer i, and di is
its thickness. The matrix Si characterizes the light transmis-
sion between the interface of layers i and i−1. The matrix
Ki describes the phase shift and attenuation of light passing
through layer i. The quantities M21 and M22 are then ele-
ments of the matrix M. Because the narrow band gap of the
Si substrate, the back surface reflection from the interface
between Si and air is completely inhibited, so the subscript
of Si is less than 3. Due to their compact matrix form, these
formulas are suitable for computer processing even though
the resulting formula for the reflectivity is an intricate one.
It is well know that estimating the thickness and the
optical constants of thin films from the spectrum of reflec-
tance is a highly underdetermined optimization problem.
Numerous methods have been devised to solve the
problem.7,9 The most practical method assumes a specific
empirical dispersion equation for the wavelength-
dependent complex refractive index. The equations used
most often are those of the Lorentz classical oscillator
model:11
n2 − k2 = 0 +
A2
2 − 0








with 0 the oscillator central wavelength, A the oscillator
strength, and  the damping factor; 0 is the dielectric func-
tion at wavelengths much smaller than the measured
one. Equation 5 describes the dispersion relations below
12the interband absorption edge in ionic materials very well. t
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00 nm using the dispersion equation 5.
In order to get the complex refractive index of Si, we
easure the reflectivity of the substrate alone and perform
xact fitting. Based on the fitting results, the parameters of
iO2 are deduced from the reflectivity of the SiO2/Si sys-
em. The fitting results for the refractive indices of SiO2
nd Si are
SiO2
 = 1 + 1.0852
2 − 8457
1/2, 6














Based on the preceding discussion, the parameters in the
ispersion equations are determined using a least-squares
tting procedure. It is common to include the thickness of
he ZnO film and the SiO2 layer as fitting parameters. But
o many fitting parameters often lead to an ill-conditioned
acobian determinant, so we firstly fixed the ZnO film and
iO2 layer thickness at values determined by a surface pro-
lometer. Earlier reports have indicated that sputtered ZnO
lms often exhibit an broad deep level emission around
90 to 510 nm.13–16 Even though the exact origin of the
efects centers is still debatable, it is reasonable to assign
00 nm as the initial value of the oscillator center wave-
ength. After the oscillator strength A and the damping fac-
or  are derived, all these parameters are fitted again. The
esults should have values close to the SiO2 layer thickness,
ecause all the films were deposited on the same substrate.
he results should confirm that the ZnO film thickness in-
reases with the increasing Ar/O2 ratio because argon has a
igher sputtering yield than oxygen, as is verified by the
urface profilometer.
Results and Discussion
.1 Reflection Spectrum Measurement
he applicability of a fitting model is guaranteed if there is
good fit between the experimental reflection spectrum and
he one calculated from the theoretical reflectance using the
ispersion equation, but we must ensure that the experi-
ental data are not corrupted by other factors. Roughness
f the films produces disproportionate changes in reflectiv-
ty for different incident wavelengths,17 so samples with
mooth surfaces and near-normal reflectance spectra are
sed to validate the preceding model. The incidence angle
s less than 5 deg in the reflection measurement.
AFM images of the samples surface are shown in Fig. 1.
he rms roughness does not show any distinct dependence
n the sputtering ambience and is less than 10 nm; how-
ver, the grain size seems to grow with increasing Ar/O2
atio: see Table 1.
The reflection spectra of the samples are shown in Fig.
. For all samples, these have a near-band-edge absorption
n the range of 370 to 400 nm. The interference fringes be-
ween 400 and 800 nm are due to the multiple reflection
December 2006/Vol. 4512
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Downloadbetween the ZnO film and the substrate, similar to Fabry-
Perot reflection. All samples have a maximum reflectivity
in the range of 450 to 550 nm, which indicates that these
samples have absorption in the range of 450 to 550 nm.
The fitting results for the absorption coefficient also con-
firm this; see Fig. 4.
4.2 Computational Results
Figure 3 shows the fitting results for sample R3. Noted that
the fitting data agree well with the true data from
400 to 800 nm, but below 400 nm the fitting result does
not coincide with the experimental data, because the single-
oscillator model cannot characterize the strong absorption
near the band edge. Other samples yield similar results. The
fitted refractive index at 600 nm can be found in Table 1; it
is less than the value given in Ref. 4, since the sputtered
ZnO films contain voids that will reduce the refractive in-
dex from that of a ZnO crystal.
From the fitting result, we can deduce the absorption
coefficient . It is shown in Fig. 4. We can find that
samples R3 and R4 have smaller absorption coefficients
than samples R1 and R2. This may be understood from the
fact that the ambience with less oxygen would induce more
oxygen vacancies than had been assumed, and those defect
states lead to absorption around 500 nm.14,16 All the fitting
parameters of the Lorentz oscillator model can be found in
Fig. 1 AFM image of the sample surfaces wit






R1 2.91 489 0.450 2.44
R2 3.55 496 0.307 1.13
R3 2.89 488 0.220 0.916
R4 2.92 486 0.270 1.36Optical Engineering 123801-3
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o the true value measured by the surface profilometer.
.3 Effect of Sample Surface
general method to estimate the thickness and the optical
onstants of thin films using reflectance data only would be
huge mathematical challenge. We only consider the en-
rgy range from 400 to 800 nm, which is below the energy
and gap of ZnO, because when a full energy range is
ncluded one needs local nonglobal solutions and a more
omplex dispersion model must be adopted. To cover a full
nergy range, one usually introduces piecewise dispersion
elations.7 Because our samples are polycrystal films, the
ptical properties below the interband absorption edge are
ost significant, so we only inspect the reflectance spec-
roscopy data from 400 to 800 nm using a common disper-
ion equation 5. Our method is suitable only for samples
ith smooth surfaces and with interference fringes in the
eflection spectrum, because surface roughness would
ause the reflectance to vary with wavelength, and we must
eep this variation as small as possible within the range
rom 400 to 800 nm.
The reflectivity R of a film with rms roughness  is
iven by17
size 22 m and vertical scale 0 to 20 nm.
















299 289 1.83 8.1 7–12
318 295 1.83 2.5 7–12
401 292 1.84 3.4 16–25
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2
 , 9
where R0 denotes the reflectivity of the sample without
roughness. From Eq. 9 we obtain




From Eq. 10 we can estimate the valid range of rms
roughness for our method. In our fitting range
400 to 800 nm, the variation of the reflection coefficient
due to surface roughness is below 5% for rms roughnesses
less than 8 nm. Larger rms roughness will invalidate this
method if the samples are deposited with large power. In
our experimental conditions, a power lower 120 W is rec-
ommended.
5 Conclusion
The optical properties of ZnO films with smooth surfaces
deposited on SiO2/Si substrates have been investigated us-
Fig. 2 The reflection spectra of samples R1, R2, R3, R4.Fig. 3 True and fitted reflection spectra of sample R3.
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00 to 800 nm at room temperature. For samples with
mooth surfaces, we can fit the near-normal reflection spec-
ra with a simple, physically straightforward model. The
esults show these samples have a weak absorption around
90 nm.
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